The changes in the reorganization of actin filaments during desensitization of secretion were investigated by transfecting RBL-2H3 cells with cDNA encoding the human m3 muscarinic acetylcholine receptors (RBL-m3 cells). Incubation of RBL-m3 cells with 10-100 m mM carbachol in Ca 2؉ -free medium developed membrane ruffling. When the cells were desensitized under the condition where desensitization of carbachol-induced secretion occurred, desensitized cells failed to develop membrane ruffling with the subsequent addition of carbachol. These results suggest that m3 muscarinic receptor-mediated desensitization of secretion involves negative regulation of actin reorganization leading to membrane ruffling.
The muscarinic acetylcholine receptor (mAChR) family consists of five receptor subtypes: m1, m3, and m5 are coupled to the activation of phospholipase C b through G qa , whereas m2 and m4 are coupled to the activation of phospholipase C b through G bg and the inhibition of adenylyl cyclase. One of the most remarkable facts regarding the research into mAChR linked to phospholipase C is the diversity of conclusions concerning the rate and extent of desensitization. 1) These variable rates of desensitization may reflect the finding that the five subtypes are expressed simultaneously in various proportions. Recently, cell lines transfected with cDNA encoding individual receptor subtypes have been preferentially used to avoid the complexities that arise when the characteristics of an individual receptor subtype are investigated in preparations containing a mixture of these subtypes. Such expression-based studies allow the biochemical analysis of receptor regulation, interactions between receptors and G proteins, and downstream effects of receptor-mediated G protein activation such as second messenger production or ion channel regulation. Although much progress has been made in the study of receptor desensitization and its associated intracellular signaling, little is known about the essential contribution of desensitizing features to diminishing cellular responsiveness.
Rat basophilic leukemia (RBL-2H3) cells, which are analogues of mast cells, secrete inflammatory mediators such as histamine and b-hexosaminidase through the aggregation of a high affinity IgE receptor (FceRI) in the plasma membrane. We stably transfected RBL-2H3 cells with cDNA encoding the human m3 (RBL-m3) mAChRs, and they were found to contain entirely homologous populations of m3 mAChR. 2) As transfected cells induced secretion in response to the mAChR agonist, carbachol, the agonist-induced short-term desensitization of the secretory response was investigated in order to assess the essential contribution to diminishing cellular responsiveness.
We reported the carbachol-induced desensitization of secretion in RBL-m3 cells 2) ; the desensitization of secretion was found to occur at the steps distal to the rise in concentration of intracellular calcium, without any modification of muscarinic receptors or functional uncoupling between the receptor and phospholipase C. Desensitization of the m3 mAChR-mediated secretory response was thought to occur considerably downstream of phospholipase C and the steps independent of the increased intracellular calcium participated in this phenomenon. 2) These results indicated that the essential desensitizing features of diminishing cellular responsiveness could occur with no changes at the level of receptor and/or receptor/G protein interaction. In order to clarify the mechanisms underlying desensitization of secretory response, we have focused on the changes in agonistinduced reorganization of actin filaments.
The disassembly of F-actin in the cortical region and the appearance of actin filaments in the interior of cells, a process independent of Ca 2ϩ , is a necessary preliminary step for exocytosis in mast cells. 3, 4) Such a receptor-mediated reorganization of the actin network, a process independent of Ca 2ϩ , may reveal the capacity to induce exocytosis. The aim of this study was to examine whether desensitization of secretion occurred as a consequence of persistent stimulation of the actin-related 'priming' signaling.
MATERIALS AND METHODS
Cell Culture RBL-m3 cells were maintained as monolayer cultures and harvested by trypsin treatment as described previously. 2) The cells were harvested with 0.125% trypsin plus 0.01% EDTA and recovered by centrifugation (250ϫg for 5 min at 4°C). Cultures were re-plated overnight in 24well culture plates to measure b-hexosaminidase release (10 5 cells/well) and on glass coverslips (18ϫ18 mm) for fluorescent images. Where appropriate, adherent RBL-m3 cells were incubated for 2 h with dinitrophenol (DNP)-specific mouse monoclonal IgE (100 ng/ml) in the culture medium prior to experiments.
Desensitizing Treatment and Measurement of b b-Hexosaminidase RBL-m3 cells grown in 24-well culture plates were washed three times and incubated in Ca 2ϩ -free Hepesbuffered Tyrode solution (HT) containing 100 mM carbachol for 30 min at 37°C (desensitization) as described. 2) There-after, the cultures were washed and allowed to stand for 5 min. Ca 2ϩ -free HT was then replaced with HT containing 10 mM carbachol plus various concentrations of CaCl 2 . The cells were incubated for 10 min at 37°C to induce secretion, which was assessed by measuring the release of b-hexosaminidase into the medium. In the case of heterologous desensitization, secretion was induced by 20 ng/ml DNP-conjugated human serum albumin (DNPs-HSA) instead of carbachol for 20 min. HT consisted of 137 mM NaCl, 2.68 mM KCl, 12 mM N-2-hydroxyethylpiperazine-NЈ-2ethanesulphonic acid (Hepes) (pH 7.4 at 37°C), 1 mM MgCl 2 , 5.6 mM glucose, 0.03% bovine serum albumin and the indicated concentrations of CaCl 2 . Ca 2ϩ -free HT had the same composition except that CaCl 2 was omitted. All solutions were equilibrated to 37°C before addition to the cultures. For studies using permeabilized cells, the desensitized cells were permeabilized by incubating the cultures with Ca 2ϩ -free high potassium glutamate Hepes-buffered salt solution (K-Glu) containing 20 mg/ml a-toxin for 5 min. K-Glu consisted of 25 mM Hepes (pH 7.1 at 37°C), 140 mM potassium glutamate, 7 mM Mg acetate, 5 mM ATP, 3 mM EGTA, 5 mM glucose, and 0.1% bovine serum albumin. An appropriate amount of CaCl 2 was added to buffer the concentration of free Ca 2ϩ , according to the method of Harafuji and Ogawa. 5) The free Ca 2ϩ concentration of the Ca 2ϩ -free K-Glu was estimated at 0.84 nM. The cultures were washed and Ca 2ϩ -free K-Glu was replaced with K-Glu containing 1 mM Ca 2ϩ and 10 mM carbachol to initiate secretion. In the case of heterologous desensitization, secretion was induced by 20 ng/ml DNPs-HSA instead of carbachol. The release of bhexosaminidase was assayed as described. 2) In brief, aliquots (250 ml) of the incubation medium were incubated with 250 ml of p-nitrophenyl-N-acetyl-b-D-glucosaminide in 0.1 M sodium citrate buffer (pH 4.5) at 37°C for 30 min. Thereafter, 500 ml of 1 M Tris was added to quench the reactions and the absorbance was measured at 410 nm. The data are presented as a percentage of the total b-hexosaminidase activity, determined by lysing an aliquot of unstimulated cells with 0.2% Triton X-100. The background release (in the absence of secretagogues) was less than 4% in all experiments, and was not subtracted from the values shown. All determinations were carried out in duplicate, and experiments were repeated on at least three occasions, with similar results.
Fluorescence Microscopy The cells on glass coverslips were washed three times with Ca 2ϩ -free HT and allowed to stand for 10 min. The medium was then replaced with Ca 2ϩfree HT containing 100 mM carbachol for 30 min at 37°C (desensitizing treatment). After desensitization, the cultures were washed and allowed to stand for 5 min. The medium was then replaced with Ca 2ϩ -free HT containing 10 mM carbachol. The cells were incubated for various times at 37°C, then fixed with 2% paraformaldehyde containing 0.02% saponin in PBS for 30 min, rinsed in PBS, and incubated for 30 min in 0.05% BSA with 20 U/ml rhodamine-phalloidin (Molecular Probes Inc., U.S.A.). After washing, the coverslips were mounted in 90% (v/v) glycerol in 50 mM sodium carbonate buffer (pH 9.5). Cells were observed using a con- 
RESULTS
Exposure of these cells to 100 mM carbachol for 30 min in Ca 2ϩ -free medium inhibited both the secretion induced by the addition of 10 mM carbachol plus Ca 2ϩ and by cross-linking FceRI with DNPs-HSA in the presence of Ca 2ϩ (Fig. 1) . These results suggested that carbachol-induced desensitization of secretion is heterologous. This heterologous desensitization of the secretory response persisted when desensitized cells were permeabilized ( Table 1 ), suggesting that the desensitizing treatment of RBL-m3 cells had no effect on the elevation of [Ca 2ϩ ] i induced by subsequent addition of carbachol and by cross-linking FceRI with antigen. On the other hand, the exposure of RBL-2H3 cells transfected with cDNA encoding the human m2 mAChR (RBL-m2 cells) to 100 mM carbachol for 30 min in Ca 2ϩ -free medium completely inhibited the secretion induced by stimulating the cell with 10 mM Vol. 27, No. 10
Fig. 2. Sequential Confocal Slices of RBL-m3 Cells
Cell surface topography was observed by a confocal fluorescence microscopy of F-actin. Four optical sections from dorsal to ventral one (from a to d) were recorded. The cells on glass coverslips were washed three times with Ca 2ϩ -free HT, and processed for F-actin staining. The arrows point to sites of microvillous cell surfaces. Scale bar represents 50 mm.
Fig. 3. Dorsal and Ventral Cell Surface Topography before and after Desensitizing Treatment of RBL-m3 Cells
Cell surface topography was observed by a confocal fluorescence microscopy of F-actin. Fluorescent images were obtained by focusing at the dorsal (a, c, e, and f) or ventral (b and d) cell surface. RBL-m3 cells were incubated with 100 mM carbachol for 0 min (a and b) and 30 min (c and d). After 30 min, the cells were washed and allowed to stand for carbachol (acting on pertussis toxin-sensitive G protein-coupled m2 mAChR) but not by stimulating FceRI (data not shown), indicating a homologous but not heterologous desensitization of the secretory response in RBL-m2 cells. This notion was supported by Disbury et al., 6) who showed that stimulation of fMLP receptors coupled to the pertussis toxinsensitive G protein activation of phospholipase C b , does not desensitize the a 1 -adrenergic receptor coupled to the pertussis toxin-insensitive G protein activation of phospholipase C b .
Carbachol caused a remarkable transformation in the dorsal cell surface topography. Incubation of RBL-m3 cells with 100 mM carbachol in Ca 2ϩ -free medium caused a membrane ruffling that formed a highly folded or plicated cell surface (Figs. 3c, 4c, e ), whereas control cells showed a finely microvillous surface (Figs. 2, 3a, 4a ). The plicated cell surface was fully reversed to a microvillous cell surface within 5 min after washing with Ca 2ϩ -free medium (Figs. 3e, f) . On the other hand, incubation of RBL-m2 cells with carbachol did not cause membrane ruffling and the cells maintained a finely microvillous surface (data not shown). These results suggested that m3 mAChR was linked to the signal pathway leading to membrane ruffling that was not involved in RBL-m2 cells. RBL-m3 cells were subjected to desensitizing treatment with carbachol under the condition where the desensitization of secretion occurred, 2) and maintained a plicated topography during the desensitizing treatment (Fig. 3c ). When the cells were washed and allowed to stand for 5 min in Ca 2ϩ -free medium, their surface changed from plicated to microvillous (Fig. 3e) . A subsequent addition of 10 mM carbachol caused partial membrane ruffling (Figs. 4d, f) , indicating that the signaling pathway leading to membrane ruffling was restored.
DISCUSSION
In general, homologous desensitization involves negative regulation at the level of a specified receptor and its associated G protein, and therefore other receptor-mediated signaling which is mediated through different G proteins or tyrosine phosphorylation is not affected. On the other hand, heterologous desensitization involves negative regulation at steps common to several types of receptor-mediated signalings. Exposure of these cells to 100 mM carbachol for 30 min in Ca 2ϩ -free medium inhibited both the secretion induced by the addition of 10 mM carbachol plus Ca 2ϩ and by cross-linking FceRI with DNPs-HSA in the presence of Ca 2ϩ (Fig. 1) . These results indicate that carbachol-induced desensitization of secretion in RBL-m3 cells was heterologous.
The desensitizing treatment of RBL-m3 cells in this study was performed in the absence of extracellular Ca 2ϩ . The heterologous desensitization of secretory response persisted Fluorescent images were obtained by focusing at the dorsal cell surface. After desensitizing treatment, RBL-m3 cells were washed and allowed to stand for 5 min. They were then incubated with 10 mM carbachol for 0 min (b), 5 min (d), and 10 min (f). Control RBL-m3 cells were incubated with 10 mM carbachol for 0 min (a), 5 min (c), and 10 min (e). The arrows and arrowheads point to sites of microvillous and plicated cell surfaces, respectively. Scale bar represents 50 mm when desensitized cells were permeabilized (Table 1) , suggesting that the desensitizing treatment of RBL-m3 cells had no effect on the elevation of [Ca 2ϩ ] i induced by the subsequent addition of carbachol and by cross-linking FceRI with antigen. We demonstrated that RBL-2H3 cells possess a mechanism that prevents exocytosis until an appropriate signal is received by the cell, and that the significance of the cytoskeleton, particularly the actin network, lies in this exocytosis prevention. 7) We also demonstrated from the preparation of RBL-m3 cells that Rho plays an essential role in the exocytosis mediated by a multiple type of receptor including FceRI and m3 mAChR and suggested that Rho functions as an integration point for exocytosis by regulating actin reorganization. 8) Such a receptor-mediated reorganization of the actin network, a process independent of Ca 2ϩ , may reveal the capacity to induce exocytosis. These results indicate that heterologous as well as homologous desensitization of secretion occurred from the persistent stimulation of the actin-related 'priming' signaling. We, therefore, observed changes in the reorganization of actin filaments during desensitization by confocal laser scanning microscopy. We are the first to demonstrate the desensitization of membrane ruffling in the absence of extracellular Ca 2ϩ . Our findings suggest that negative regulation of signaling pathways leading to membrane ruffling is involved in the desensitization of secretion. This notion was supported by the finding that there was no heterologous desensitization of FceRI-mediated secretion occurred in RBL-m2 cells where m2 mAChR was not linked to the signaling pathway leading to membrane ruffling.
Membrane ruffling is normally driven by actin polymerization and regulated by Rac. 9,10) Guillemot et al. 11) reported that stimulation of RBL-2H3 cells by cross-linking FceRI elicits secretion and F-actin assembly, membrane ruffling, and increased spreading and adhesion. The findings by Hong-Geller and Cerione 12) have demonstrated that Rac proteins as well as Rho are components of the signaling pathway that leads to the amplification of secretion causing cytoskeletal changes in RBL-2H3 cells. Therefore, it is likely that changes in the Rac-dependent regulation of actin reorganization leading to membrane ruffling are one way in which desensitization of secretion occurs in RBL-m3 cells.
